Fall armyworm, Spodoptera frugiperda (J. E. Smith), is a worldwide pest of economic importance for different crops. This species has a highly polyphagous feeding behavior, which includes the consumption of different cultivated plants, such as maize (Zea mays L.), cotton (Gossypium hirsutum L.), and rice (Oryza sativa L.). To date, the most common method for controlling this pest relies on the use of synthetic insecticides such as methomyl, carbaryl, and cypermethrin (10) , in spite of the damage they cause to the environment and to nontarget organisms. Two distinct strains of S. frugiperda, one associated with maize and the other with rice, have been already identified in the United States (17, 19) . The detection and characterization of genetic diversity among insect populations is a critical issue for the improvement of pest management strategies, since the evolution of resistance to insecticides among insect populations is dependent on the frequency of resistant alleles, the inheritance of resistance, the relative fitness cost, and the gene flow.
Bioinsecticides are viable alternatives for insect control in agriculture, and among them, Bacillus thuringiensis is the most widely used. B. thuringiensis is compatible with sustainable and environmentally friendly agricultural practices. This bacterium produces insecticidal proteins (Cry protoxins) during sporulation as parasporal crystals, which are highly specific to their target insects; safe for humans, other vertebrates, and plants; and biodegradable (12) . Moreover, recombinant DNA technology using cry genes has developed insect-resistant transgenic plants that are used extensively for cotton, corn, and rice production, among others (23) .
Information regarding the susceptibility of S. frugiperda to the Cry protein family is limited. The Cry proteins most active against this pest were reported to be the Cry1C and Cry1D toxins (2, 3) , with 50% lethal concentrations (LC 50 ) of 31 and 77 ng/cm 2 , respectively. The Cry1C toxin has also been reported to be toxic against Spodoptera exigua (28) , with an LC 50 of 68 ng/cm 2 , and Cry1D has been reported to be slightly active against Spodoptera littoralis, with an LC 50 of 423 ng/cm 2 (27) .
In this study, several B. thuringiensis strains active against larvae of S. frugiperda were identified and characterized, showing different combinations of known cry genes. Differences in susceptibility were found among three S. frugiperda populations from different Latin American countries (Mexico, Colombia, and Brazil) when selected B. thuringiensis strains and pure Cry1B, Cry1C, and Cry1D proteins were analyzed. The three insect strains were collected from fields of maize crops that had never been treated with Bt spray formulations or planted with transgenic crops. These colonies had been reared under laboratory conditions for at least 10 years without exposure to Cry toxins. The differences in susceptibility among the three S. frugiperda populations correlated with differences in the binding of toxin to midgut microvillar membranes from these insect populations and with the molecular variability found by RAPD (random amplification of polymorphic DNA) analysis of their DNA.
MATERIALS AND METHODS
Bacterial strains. More than 6,000 bacterial strains from different B. thuringiensis strain collections, from Colombia, Mexico, Costa Rica, and Brazil, were analyzed. Strains were isolated from soil samples by the acetate selection method (25) . Soil samples were collected from the surface to a depth of 10 cm. All bacterial strains were grown in M-one liquid sporulation medium (20) at 200 rpm and 30 Ϯ 1°C for 48 h until complete autolysis. Lyophilized spore-crystal complexes were used in the bioassays.
Bioassays. S. frugiperda colonies were maintained on an artificial diet (24) under laboratory conditions at 28 Ϯ 2°C and 65% Ϯ 5% relative humidity, under a 12:12 (light-dark) photoperiod at CIB (Colombia), IBT-UNAM (Mexico), and RGB-EMBRAPA (Brazil). Ten different toxin concentrations were tested, plus a tap water negative control. Twenty-four neonate larvae were assayed per toxin concentration, with four replicates. A constant volume of the sample dilution (35 l) was applied to the diet surface contained in 24-well polystyrene plates (Cell Wells; Corning Glass Works, NY). One first-instar larva was added per well, and mortality was recorded after 7 days of incubation under laboratory conditions. The concentration at which 50% of the larvae died (i.e., the mean LC 50 ) was estimated by probit analysis (7) .
Protein electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously (22 O) with 0.5% glucose, 0.1% Casamino Acids, and 0.01% yeast extract. Cells were washed in TE buffer (50 mM Tris, 10 mM EDTA, pH 7.8) and incubated for 30 min at 37°C in 10 g of lysozyme/ml in 0.5 M sucrose, 25 mM Tris, and 10 mM EDTA, pH 8.0. After 10 min at 4°C, lysis buffer (0.2 M NaOH, 1% SDS) was added, and the mixture was incubated for 5 min at 4°C. A solution of 3 M sodium acetate, pH 4.8, was added and stored for 20 min at Ϫ20°C. Particles were pelleted at 12,000 rpm for 20 min in a Sorvall SS34 centrifuge. Two volumes of ethanol were added to the supernatant, and the mixture was incubated for 20 min at Ϫ80°C to precipitate DNA. DNA was centrifuged as described above, dissolved in distilled water, and visualized in 0.6% agarose gels.
cry gene identification. The oligonucleotide primers used for detection of the cry1 and cry2 genes have been described previously (5, 6, 13) . They were synthesized in a DNA synthesizer (Microsyn 1450A; Systec Inc.) using the reagents and conditions specified by the manufacturer. Novel primers were designed from conserved regions of the related cry1H, cry1I, cry1J, and cry1K genes by using multiple alignments of reported DNA sequences, using ClustalW and GeneWorks 2.3 (Intelligenetics, Inc.). Table 1 shows the specifications of the novel primers. B. thuringiensis strains were grown for 12 h on nutrient medium plates. A loopful of cells was transferred to 0.1 ml H 2 O, and the mixture was frozen at Ϫ70°C for 20 min and boiled for 10 min to lyse the cells. Samples were briefly spun (10 s at 10,000 rpm in an Eppendorf 5415C centrifuge), and 15 l of supernatant was used as the DNA template in the PCR mixture. PCR mixtures were prepared as described previously (4-6), and PCR was carried out in a Perkin-Elmer model 480 thermal cycler as follows: 2 min at 95°C; 30 cycles of 95°C for 1 min, annealing at a specified temperature (see Table 1 ) for 1 min, and 72°C for 1 min; and 5 min at 72°C. Samples (15 l) were electrophoresed in 2% agarose gels.
DNA polymorphism of S. frugiperda populations. Randomly selected fourthinstar S. frugiperda larvae were collected from each population and maintained in 100% ethanol at Ϫ20°C. DNA was extracted according to the procedure of Agusti et al. (1) . The selected larvae were placed individually in Eppendorf tubes, homogenized with 500 l extraction buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA, 0.3% Triton X-100, and 60 g/ml DNase-free proteinase K), incubated for 30 min at 65°C, and centrifuged for 10 min at 10,000 ϫ g. The lysate was extracted twice with phenol-chloroform (1:1, vol/vol). The aqueous phase was mixed with the same volume of cold isopropanol and placed at Ϫ20°C for 15 min. After centrifugation for 15 min at 12,000 ϫ g, the precipitated DNA was dried, solubilized in 200 l of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA), and treated with RNase (20 g/ml). The DNA concentration was estimated spectrophotometrically at 260 nm, and DNA was stored at Ϫ70°C. DNA was amplified in a PTC 100 MJ Research thermal cycler by using five random primers (10 bp each) as described by Operon Technologies, Inc. (OPA-03, OPA-04, OPA-10, OPA-11, and OPA-13) ( Table 2) . Conditions for each reaction were as follows: 6 mM Tris-HCl (pH 8.8), 2 mM MgCl 2 , 50 mM KCl, 0.2 mM deoxynucleoside triphosphates, 0.25 U Taq DNA polymerase (Pharmacia), 0.4 M primers, and 2 ng of insect genomic DNA. Samples were amplified as follows: 3 min at 94°C; 45 cycles of 1 min at 94°C, 1 min at 35°C, and 1 min at 72°C; and, at the end, 5 min at 72°C for final extension. PCR products were analyzed in 1.5% agarose gels stained with ethidium bromide. Finally, the presence and absence of DNA bands were given values of 1 and 0, respectively, and were converted to a binary matrix. The genetic similarity among populations was determined using the Dice similarity coefficient and the SIMQUAL program from the Numerical Taxonomy and Multivariate Analysis System (NTSYS 2.1) (21) . Cluster analysis was performed using the unweighted-pair group method with arithmetic means to obtain the dendrogram. In addition, a correspondence analysis was carried out with NTSYS 2.1. Finally, a bootstrap analysis was performed using the TREECON program (version 1.3b) with a 1,000-resample data set. Binding assays on isolated BBMV. The Cry1Ba, Cry1Ca, and Cry1Da toxins were obtained as recombinant proteins expressed in Escherichia coli. Purification of proteins and generation of the toxic trypsin-resistant fragments were performed as described previously (11) . All binding assays were performed with activated toxins. Brush border membrane vesicles (BBMV) were prepared as described previously (29) . Toxins were biotinylated using biotinyl-N-hydroxysuccinimide ester (RPN28; Amersham) according to the manufacturer's indications. Biotinylated toxins (10 nM) were incubated with 10 g of BBMV in phosphatebuffered saline buffer, pH 7.6, for 1 h in the presence or absence of a 500-fold excess of unlabeled toxins. Subsequently, unbound toxin was removed by centrifugation (10 min at 14,000 ϫ g), and BBMV were washed twice with 500 l of the same buffer; BBMV were suspended in 20 l of phosphate-buffered saline, and an equal volume of Laemmli sample loading buffer 2X was added. Samples were boiled for 5 min, loaded onto an SDS-PAGE gel, and electrotransferred to a nitrocellulose membrane. The biotinylated proteins that were bound to the blotted protein vesicles were visualized by incubation with a streptavidin-peroxidase conjugate (1:4,000 dilution) for 1 h, followed by addition of Supersignal West Pico chemiluminescent substrate (Pierce), as described by the manufacturers.
RESULTS
Eight B. thuringiensis strains were selected from different Latin American collections based on their high activities against S. frugiperda larvae. Bioassays were performed under identical conditions against first-instar larvae. Strains LBIT27, LBIT193, IB217, and IB412 were isolates from Mexico; S811 came from Brazil, 147-550 and IBUN28 from Colombia, and CIBCM-166 from Costa Rica. Table 3 shows the lethal concentrations of the selected strains assayed against three different S. frugiperda populations. Strains CIBCM-166, S811, IB412, and LBIT27 showed the highest activities against the Mexican population of S. frugiperda, while strains CIBCM-166, S811, and 147-5501 were the most active against the Brazilian and Colombian populations; in addition, strain LBIT27 was also highly toxic to the Brazilian population. Overall, these results suggest that different S. frugiperda populations may have different susceptibilities to the Cry toxins present in the selected strains. The B. thuringiensis strains and the three S. frugiperda populations were further characterized.
Characterization of selected B. thuringiensis strains. The crystal inclusions produced by the selected B. thuringiensis strains were initially observed by phase-contrast microscopy and then by scanning and transmission electron microscopy, showing that all the strains contain bipyramidal crystal inclusions (data not shown). Some strains also contain a small cuboidal crystal (strains 147-5501, CIBCM166, IB412, and LBIT27).
The crystal proteins produced by these strains were characterized by SDS-PAGE of spore-crystal suspensions (Fig. 1A) . Strains LBIT27, IB412, 147-5501, and CIBCM-166 showed a protein profile similar to that of the Bacillus thuringiensis serovar kurstaki strain HD1, with major proteins of ca. 130 and 70 kDa. Strains LBIT193, S811, IB217, and IBUN28 showed only proteins of ca. 130 kDa. Figure 1B shows the plasmid profiles of the selected B. thuringiensis strains. All the strains showed different plasmid profiles, indicating the high diversity of these strains. Identification of cry genes in the selected B. thuringiensis isolates. The cry1 and cry2 gene contents of the selected strains were determined by PCR analyses (Table 3) . None of the native strains showed the same cry gene profile as the control Bacillus thuringiensis subsp. aizawai strain HD137. The native strains most active against the three S. frugiperda populations contain a combination of cry1Aa, cry1B, cry1D, and cry1I genes. Interestingly, the native strains that harbor the cry1C and cry1D genes (IBUN28 and IB217) did not show the highest insecticidal activity.
Susceptibilities of S. frugiperda populations to single Cry toxins. In order to determine the susceptibilities of the three insect populations to single Cry toxins and correlate their toxicities with specific binding, susceptibilities to pure preparations of some Cry proteins were evaluated. We selected for the assay two Cry toxins reported to be toxic to S. frugiperda larvae (Cry1Ca and Cry1Da) and one toxin reported to be nontoxic to these larvae (Cry1Ba) (2) . Table 4 shows that the three insect populations differ in their susceptibilities to these toxins. The Mexican population was susceptible to the Cry1Ca and Cry1Da toxins but not to Cry1Ba. In contrast, the Brazilian population showed susceptibility to Cry1Ca, moderate susceptibility to Cry1Ba, and no susceptibility to Cry1Da. Finally, the Colombian insect population showed high susceptibilities to all three Cry toxins analyzed (Table 4) .
Analysis of binding of Cry toxins to BBMV from S. frugiperda populations.
Trypsin-activated Cry1Ba, Cry1Ca, and Cry1Da toxins were labeled with biotin, and homologous competition binding assays were performed on BBMV of S. frugiperda populations. The homologous competition with the Mexican population showed that both the Cry1Ca and Cry1Da toxins were able to bind and that this interaction was specific, as binding was competed by a 500-fold excess of unlabeled Cry1Ca or Cry1D toxin, respectively (Fig. 2) . The Cry1Ba toxin showed nonspecific binding; there was no competition in the presence of unlabeled toxin. In contrast, the homologous competition assays carried out with the Brazilian population showed that the Cry1Ba and Cry1Ca toxins bound specifically to BBMV, whereas Cry1Da did not bind to the membranes (Fig. 2) . Finally, in the case of the Colombian population, the three toxins bound specifically, since all of them were competed in the homologous competition experiments by their corresponding unlabeled toxins (Fig. 2) .
Genetic variability among the three S. frugiperda populations. The RAPD-PCR methodology was used to analyze fourth-instar larvae from each S. frugiperda population. The commercially available RAPD primers produced different bands in the three populations. Table 2 shows the sum of polymorphic markers produced by each primer when the three populations were analyzed. As stated in Materials and Methods, the presence and absence of DNA bands were given values of 1 and 0, respectively, and converted to a binary matrix. Binary data were used to generate a dendrogram that shows the genetic relationship among these insect populations (Fig.  3) . Three main clusters were clearly discriminated, assembling larvae from each population. The level of variability found within each group was lower than that between two different geographical populations. One group corresponds to the larvae collected from the Brazilian population, which showed high similarity (65 to 95%) within their members. In contrast, the a Values in parentheses are fiducial limits (P ϭ 0.95).
FIG. 2.
Homologous competition binding assays on BBMV isolated from Manduca sexta larvae. Biotinylated trypsin-activated Cry toxins were incubated with the BBMV in the absence or in the presence of a 500-fold excess of unlabeled toxin. After 1 h of incubation, unbound toxins were removed, and vesicles containing bound toxins were loaded onto an SDS-PAGE gel and blotted onto a nitrocellulose membrane. Labeled proteins were visualized by means of a streptavidin-peroxidase conjugate.
Brazilian group shared only 22% similarity with the groups from Mexico and Colombia. The Mexican and Colombian groups shared only 31% similarity between them. The Mexican population clearly splits into two subgroups that shared 37% similarity. Each of the clusters present in the Mexican population shared high similarity, ranging from 73 to 90%, among their members. The third group integrates larvae from the Colombian population, which showed 45 to 75% similarity among their members. These data show that the diversity of S. frugiperda larvae clearly correlates with their geographical origin.
DISCUSSION
A great diversity among B. thuringiensis strains active against S. frugiperda larvae, in terms of plasmid profiles, cry gene content, and insecticidal activity against three Latin American S. frugiperda populations, was found. In this work we also analyzed the genetic variability among the three different S. frugiperda populations; our data indicated that these insect populations are genetically different, suggesting that the independent evolution of these populations generated genetic divergence. It is noteworthy that these populations showed different responses to intoxication with Cry toxins. The correlation of this genetic divergence with mutations in specific toxicity-related genes remains to be determined.
Morphological characterization of the crystal inclusions of the selected B. thuringiensis strains showed typical bipyramidal and cuboidal crystals common to most lepidopteran-active strains. These data are in agreement with the expected protein composition observed in the SDS-PAGE analyses. However, a high diversity of plasmid profiles was observed, suggesting important variability among these B. thuringiensis strains, which agrees with the different cry gene contents found in these strains. The toxicities of these strains were tested against the three S. frugiperda populations, showing significant differences in susceptibility. The Colombian population showed the highest sensitivity to some B. thuringiensis strains (S811, 147-5501, CIBCM-166, and IB292), in contrast to the Mexican and Brazilian populations, which showed low to moderate susceptibility. All these strains have in common the presence of the cry1Aa, cry1Ba, and cry1Da genes.
To date, the reported toxicity data concerning the susceptibility of S. frugiperda to pure Cry proteins seem to be contradictory. Cry1A and Cry1Ba toxins have been reported to have low toxicities against this pest, while Cry1C and Cry1D showed the highest toxicities (2, 3, 27) . However, another report indicated that Cry1Bb was toxic to this pest while Cry1C was not (15) . Furthermore, attempts to correlate the cry gene contents of a large number of B. thuringiensis strains and their toxicities to S. exigua were unsuccessful (16) . The selected strains used in this work that harbored the cry1C and cry1D genes but not cry1B (IBUN28 and IB217) were not the most active. Our data are in agreement with those of a previous report (14) , which showed that the presence of the cry1C and cry1D genes does not necessarily correlate with high toxicity to S. frugiperda larvae and suggested that other proteins present in the B. thuringiensis strains analyzed might be more important for toxicity. We found that the most active native B. thuringiensis strains have a combination of cry1Aa, cry1B, and cry1D genes. However, because a great variability of cry1B genes has been reported in recent years (http://www.lifesci.sussex.ac.uk/home /Neil_Crickmore/Bt/index.html), it will be worthwhile to identify the specific cry1B genes present in the more active strains (Table 4 ). These data indicate that the insect populations used in this study have evolved differently regarding their susceptibilities to specific Cry toxins. A previous report indicated that different populations of Plutella xylostella also showed differences in susceptibility to Cry toxins (8) .
The binding analyses performed with individual toxins indicated differences among the toxin-receptor interactions within the three insect populations. We propose that the Mexican and Colombian populations contain a functional Cry1Da receptor, in contrast to the Brazilian population, where this binding site is missing. In addition, the Colombian and Brazilian populations bind the Cry1Ba toxin, while the Mexican population showed nonspecific binding of this toxin. These data correlated with the susceptibilities of the different S. frugiperda colonies to Cry toxins: the Brazilian population was not susceptible to the Cry1D toxin, while the Mexican population was not affected by the Cry1Ba toxin.
The RAPD-PCR technique has been used at different levels in the molecular characterization of different insect pests and other related species. Monnerat et al. (18) showed that there is no intrapopulation genetic variability for three species of Diadegma (Hymenoptera: Ichneumonidae), an important parasitoid of Plutella xylostella. Tsai et al. (26) demonstrated the effectiveness of this technique in the phylogenetic analysis of the microsporidian Nosema isolated from different lepidopteran larvae, such as Spodoptera littura, S. exigua, Helicoverpa armigera, P. xylostella, and Pieris spp., showing that isolates from Pieris spp., S. exigua, and H. armigera were phylogenetically related.
In this work we used RAPD-PCR to evaluate the molecular variability in the different S. frugiperda populations. These studies allowed us to obtain preliminary information about the genetic variability among these populations. It is known that genetic differences may evolve if the physiological adaptation of an insect to a certain host plant entails a decrease in performance on the alternative host (9) . According to this principle, the rice strain of S. frugiperda is associated with rice plants, whereas the maize strain occurs in maize (17) . The three S. frugiperda populations characterized here are associated with maize. However, we found genetic variability among the three colonies of S. frugiperda, and we found that these populations were clustered according to their geographical origin, suggesting that other factors besides the host plant have influenced the selection of genetic differences. We also found that the populations from Colombia and Mexico are slightly closer than the Brazilian population. However, one important observation is that these populations showed different susceptibilities to B. thuringiensis Cry toxins. Therefore, the susceptibilities of S. frugiperda populations to different Cry toxins should be carefully evaluated in the development of insect pest control strategies, including the deployment of genetically modified maize, in different geographical regions.
